Background. Acute kidney injury (AKI) is common and is associated with significant morbidity and mortality. Socioeconomic status may be negatively associated with AKI as some risk factors for AKI such as chronic kidney disease, diabetes and heart failure are socially distributed. This study explored the socioeconomic gradient of the incidence and mortality of AKI, after adjusting for important mediators such as comorbidities.
INTRODUCTION
Acute kidney injury (AKI) is now widely classified using the Kidney Disease: Improving Global Outcomes (KDIGO) creatinine change criteria. Early recognition and management of AKI are necessary to minimize preventable harm [1] , mortality [2] and healthcare costs [3] . The International Society of Nephrology 0by25 initiative aims to prevent all avoidable deaths from AKI worldwide by 2025 [4, 5] . In the UK, the National Health Service (NHS England) has mandated national implementation of an AKI detection algorithm, based on KDIGO criteria, which generates electronic alerts ('e-alerts') for clinicians to facilitate earlier identification [6] .
AKI is a heterogeneous condition that can occur in any clinical setting. A better understanding of risk factors for AKI could help prevent avoidable deaths. Older age, comorbidities such as cardiovascular disease, heart failure, chronic kidney disease (CKD) and diabetes, severe infections and nephrotoxic drugs have been found to be associated with AKI [7] [8] [9] [10] . Many of these factors have higher frequency in lower socioeconomic groups [11, 12] . However, relatively little work has focused on the link between socioeconomic status and AKI in high-income countries. In the UK, a study using data from general practices covering 7% of the UK population found little evidence for an association between lower socioeconomic status (indicated by area deprivation) and risk of AKI in older patients who had diabetes and pneumonia [13] . However, studies using data from over 57 000 patients in the Welsh national electronic AKI reporting system reported that area deprivation was associated with higher incidence of AKI [14] and age-adjusted mortality following AKI [15] . Phillips et al. [14] suggested that higher incidence of AKI in deprived areas may be attributed to higher incidence of comorbidities in these areas, but incorporation of comorbidities was limited. To our knowledge, no previous study has assessed whether an association between area deprivation and AKI persists after adjusting for the presence of comorbidities that may mediate any association. In order to appropriately develop AKI prevention and management policy, a better understanding of the nature of the relationship between socioeconomic status and AKI is needed.
Using linked routinely collected primary care and hospital laboratory data across a large population in southern England, we aimed to describe the association of deprivation with incidence and outcomes of AKI, before and after adjusting for comorbidities.
MATERIALS AND METHODS

Study population
The Care and Health Information Analytics database (CHIA) was used to assess the incidence and severity stage of AKI alerts by applying the NHS England e-alert algorithm to a 1-year period (1 October 2017 to 30 September 2018). The CHIA is an anonymized electronic database containing linked primary care data for approximately 1.4 million patients across Hampshire (UK) and clinical biochemistry data (including creatinine data) from two large hospital laboratories (University Hospital Southampton NHS Foundation Trust and Portsmouth Hospitals NHS Trust). Our study used data from individuals aged 18 years for whom complete biochemical data were available for the duration of the study (1 October 2017 to 30 September 2018) plus a 'lookback' period of 1 year (1 October 2016 to 30 September 2017) to establish baseline creatinine according to KDIGO AKI criteria [16] . The baseline creatinine was either (i) the lowest creatinine value within 0-7 days prior to the index creatinine value, (ii) the median creatinine value within 8-365 days prior to the index creatinine value or (iii) a creatinine value taken up to 48 h prior to the index creatinine that is 26 lmol/L lower than the index creatinine. The study denominator (n ¼ 581 650) was defined by the number of adults who remained within practices that consistently sent all laboratory data to one of two large hospitals in Hampshire (Southampton and Portsmouth) for the duration of the study and look-back period. Individuals registered with general practitioner practices with biochemical testing rates that fell below a pre-defined threshold [calculated as the lower quartile less 1.5 times the interquartile range (IQR)] were excluded from the study. Further details have been published elsewhere [17] . Ethical approval for the study was obtained from the University of Southampton Faculty of Medicine Research Ethics Committee (Submission ID: 15753).
NHS England e-alert algorithm
The NHS England e-alert algorithm is shown in Supplementary data, Figure S1 . It compares each new (index) creatinine to a reference (baseline) creatinine and generates an alert, with corresponding AKI stage, if one of three criteria in Table 1 is satisfied. The NHS England e-alert algorithm has been shown to perform well as a diagnostic tool for AKI [18, 19] . Urine output was not used to define AKI as this was not recorded in CHIA. We did not impute data for those with missing creatinine tests.
Baseline characteristics
Patients were characterized by age, sex and ethnicity (Caucasian, Indian/Bangladeshi/Pakistani, African/Caribbean, Mixed and other). Socioeconomic status was defined using the 2015 Index of Multiple Deprivation (IMD) quintiles [20] . The IMD is a small-area measure of socioeconomic status, ranked nationally, and comprises seven domains: income, employment, education/skills/training, health and disability, crime, barriers to housing and services, and living environment [20] . Baseline comorbidity and dialysis and/or kidney transplant were defined from a set of standard Read codes (used to record primary care diagnoses) agreed between two clinicians (including S.D.S.F., available upon request from the authors) [21] . The comorbidities included were those found in previous literature to be most Index creatinine 2 and <3 times higher than reference creatinine 3
Index creatinine 3 times higher or 1.5 times and >354 mmol/L higher than reference creatinine strongly associated with AKI, namely CKD, hypertension, diabetes, cardiovascular disease and heart failure [1] . Individuals were considered to have a comorbidity if they were diagnosed as having the comorbidity at the start of the study period. Prescribed medication data were obtained from the primary care record within the dataset. Medications of interest were those most strongly associated with AKI in previous studies: diuretics, renin-angiotensin aldosterone system inhibitors (RAASi) and non-steroidal anti-inflammatory drugs (NSAIDs) [1, 22] . Individuals were considered to be exposed to a specific medication if they received a prescription for the medication: (i) throughout the study period or during the 6 months prior to the study period and the first 6 months of the study period (for those who did not develop an AKI alert), or (ii) early on in the study period (during the first 6 months of the index period) and for the following 6 months (for those who did not alert), or (iii) early on in the study period and continued during the period they alerted (for those who alerted). A detailed classification of drug exposure is available in Supplementary data, Table S1 .
Repeat blood tests, repeat alerts, AKI progression and recovery of kidney function assessed by serum creatinine fall
The number of repeat alerts and median time (and IQR) between the first and subsequent alert were calculated. Peak AKI stage within 7 days of the first alert was determined using the NHS England e-alert algorithm [7] . Progression of AKI alert severity stage (progressed, did not progress) within 7 days was defined as progressing from Stages 1 to 2 or 3 or from Stages 2 to 3. Creatinine recovery was identified at Days 90 and 180 and described in three categories: full recovery, partial recovery and no recovery at 90 and 180 days. It was assessed by comparing the lowest creatinine value within 90 and 180 days, respectively, to the baseline creatinine at the time of the alert, for individuals with at least 90 and 180 days of follow-up, respectively, during 2017-18. Full creatinine recovery was defined as a return to 1.2 times the baseline creatinine, partial creatinine recovery was defined as a return to >1.2 and <1.5 times the baseline creatinine and no recovery was defined as creatinine remaining 1.5 times the baseline creatinine [23] . The proportion of individuals having repeat blood tests was also explored for a more comprehensive assessment of creatinine recovery, and as an indicator of potential differences in care across deprivation levels.
Statistical analyses
All analyses excluded dialysis and transplant patients (n ¼ 710). Descriptive statistics were used to compare baseline characteristics for people with at least one AKI alert (AKI group) and those who did not have an alert (no AKI group). A series of regression models based on the whole study sample were fitted to assess the association of deprivation (using IMD quintiles) with generating at least one AKI alert (versus not generating an AKI alert), before and after adjusting for potential confounders or mediators: (i) univariate; (ii) age-and sex-adjusted; (iii) age-, sex-and comorbidity-adjusted; and (iv) fully adjusted: age-, sex-, comorbidity-and prescribed medication-adjusted logistic regression models. Similar models were used to assess socioeconomic differences in the proportion of people with repeat blood tests, peak AKI stage, AKI stage progression within 7 days and full creatinine recovery. A series of univariate and multivariableadjusted Cox proportional hazards models were also fitted to assess associations between IMD quintiles and all-cause mortality over a median (IQR) period of 234 days (119-356) post first AKI. These models were: (i) univariate; (ii) age-and sex-adjusted; (iii) age-, sex-and comorbidity-adjusted; and (iv) fully adjusted: age-, sex-, comorbidity-and AKI severity stage-adjusted models. Multivariable regression models additionally containing an interaction term between age (<65, 65 years) and IMD quintiles were fitted to assess the effect of age on the association of IMD quintiles with AKI and all-cause mortality [15, 24] . Proportional hazards assumptions were checked visually using plots of Schoenfeld residuals. All analyses were performed using StataSE 14 [25] .
RESULTS
Population characteristics
Our final study population consisted of 580 940 individuals ( Figure 1 Figure 1 ). Table 2 shows the characteristics of individuals who generated an AKI alert and those who did not. A higher proportion of those who generated an alert were older, had comorbidities or were prescribed diuretics, RAASi or NSAIDs than individuals who did not. A higher proportion of individuals who generated an alert were Caucasian compared with those who did not alert. A slightly higher proportion of individuals who generated an alert were living in the most deprived areas compared with those who did not alert.
Associations with incident AKI
Univariate analysis showed that older age, female sex, lower IMD quintile (indicating greater deprivation), hypertension, diabetes, CKD, heart failure, cardiovascular disease and being prescribed NSAIDs, RAASi or diuretics were all associated with greater likelihood of generating an AKI alert (Table 3) . Greater deprivation was associated with higher risk of generating an AKI alert, even after adjusting for age, sex, comorbidities and prescribed medication [odds ratio (OR) ¼ 1.97, 95% confidence interval (CI) 1.85-2.11 and OR ¼ 1.61, 95% CI 1.50-1.72 in ageand sex-adjusted models and fully adjusted models, respectively]. There was a significant interaction effect between age and deprivation, such that the negative association of deprivation with AKI was stronger for individuals aged <65 years in multivariable models. The fully adjusted OR for generating an AKI alert was 1.79 (95% CI 1.59-2.01) and 1.33 (95% CI 1.03-1.72) for individuals aged <65 and >65 years, respectively, in the most compared with least deprived groups.
Repeat blood tests, repeat alerts, AKI progression and creatinine recovery
About 48.2% (4832/10 028) of people who had an AKI alert in our study had a second alert between 1 October 2017 and 30 September 2018, with 3056 (30.5%) people having more than two alerts. Median (IQR) time between first and second alert was 2 Socioeconomic status and acute kidney injury | 3 days (1-10 days), suggesting a high likelihood that they were part of the same clinical episode.
A high proportion of individuals had repeat blood tests at 90 and 180 days (89.8 and 93.5%, respectively). There were no significant differences in testing by deprivation (data not shown). Peak AKI stage, AKI stage progression (observed for 7.2% of individuals) and creatinine recovery (at 90 and 180 days) were also not associated with deprivation.
Mortality
Of the 10 028 individuals who generated an AKI alert, 3029 (30.2%) died. The age-and sex-adjusted hazard ratio (HR) of mortality was 1.21 (95% CI 1.07-1.45) for the most compared with the least deprived IMD quintile and the respective fully adjusted HR was 1.20 (95% CI 1.07-1.36). There was no interaction between deprivation (IMD quintiles) and age (Table 4 ) .
DISCUSSION
In a population-based study using routine serum creatinine data, we showed that deprivation was positively associated with risk of AKI, especially in people aged <65 years old, and with poorer survival in age-and sex-adjusted models. These associations were reduced but persisted after adjusting for comorbidity (and medication use in incidence analyses and AKI severity in mortality analyses). This is one of the few existing large population-based studies to assess within-country socioeconomic differences in incidence and outcomes of AKI and is in line with recent recommendations to improve our understanding of how deprivation is linked to poor outcomes for AKI [26] . The results of the study are generalizable to high-income countries with similar health systems.
The incident rate of 1.7% for first AKI in 1 year is higher than Sawhney et al.'s Grampian study [18, 27] using the NHS England e-alert algorithm, but considerably lower than that reported in studies not using a KDIGO-based algorithm to identify AKI [28] [29] [30] . Differences in incidence rate between our study and Sawhney et al. [31] may be due to case-mix differences around baseline estimated glomerular filtration rate, age and sex population differences and availability of repeat blood tests.
Our findings are consistent with those from a Welsh study [14, 15] , and extends them by adjusting for comorbidities that may mediate the association between socioeconomic status and AKI, and exploring related effect moderation. Furthermore, we adjusted for AKI severity and pre-existing CKD in our analyses exploring the link between socioeconomic status and mortality, as these have been associated with excess mortality in socially deprived areas [15] . Further studies that replicate these findings and explore other potential confounders or mediators linking socioeconomic status, for example obesity and health behaviours such as alcohol misuse and smoking that are causally linked to other comorbidities (e.g. chronic obstructive pulmonary disease) and increase risk of AKI, may help improve understanding of the influence of socioeconomic status on AKI [32, 33] . Other factors that may contribute to the association between socioeconomic status and AKI include timely access and/ or presentation to health services or the effects of environment or factors that may predispose to AKI [34] .
We observed an age-deprivation interaction effect on the risk of AKI. This is consistent with a study showing a declining association between risk factors (such as atrial fibrillation and hypertension) and AKI for older age groups and a separate study reporting a complex interaction of age with socioeconomic status on the prevalence of CKD [35, 36] . As the risk of AKI is higher in older age, this may blunt the socioeconomic gradient in older age groups, although the absolute risk of AKI is greater among older people.
Strengths and limitations
The strengths of the study include the availability of all serum creatinine tests as well as data on medication and comorbidities for a large defined population. The richness and size of the dataset enabled us to apply the NHS England e-alert algorithm to individuals, and explore associations at the different deprivation quintiles using place of residence. However, several limitations must be considered. First, the NHS England e-alert algorithm uses only blood tests, although the diagnosis of AKI is essentially clinical and there were no data on urine output, which is part of the KDIGO definition [11] . As with most studies using routine data, it was not possible to undertake clinical verification when identifying AKI. It is unlikely that all alerts would be considered to represent a clinically relevant AKI episode. Individuals with baseline CKD may also have been misclassified as having AKI due to variation in their serum creatinine or infrequent testing [22, 37] . We did not have data on the date of the creatinine tests taken during the look-back period to explore which criteria triggered the AKI alert for most individuals. This may have helped us identify which patients had pre-existing CKD. A subset analysis of 1381 (13.8%) AKI individuals who did not have any creatinine tests during the look-back period (i.e. individuals for whom we have full creatinine data), showed that 30, 31 and 61% of alerts were generated by criteria 1, 2 and 3, respectively (some alerts were generated by more than one criterion). Compared with those whose alert was triggered by criterion 1 or 2, a smaller proportion of individuals who alerted due to criterion 3 progressed in AKI severity (9.4-9.8% versus 5.8%) or had full creatinine recovery within 90 or 180 days (70.2-73.6% versus 63.8%) and (67.5-70.8% versus 62.8%), respectively. This may suggest a large proportion of individuals who alerted may have had pre-existing CKD. However, it is possible that these individuals are systematically different from those who have had creatinine tests during the look-back period as well as the index year. Nevertheless, even mild and transient increases in serum creatinine are associated with poorer outcomes [38, 39] . There may also be some under ascertainment of CKD as we used Read-coded CKD rather than biochemical (as more Comprising ischaemic, cerebrovascular and peripheral vascular disease. c Those prescribed medication as described in Supplementary Material. P-value comparing 'no AKI' and 'AKI' groups.
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clinically applicable and to be consistent with other comorbidities), which may lead to some residual mediation of socioeconomic status and AKI and mortality.
A second limitation of the study is that a large proportion of the source population had no or only one serum creatinine test, and was excluded from the analysis. It is, therefore, possible that the number of AKI episodes may have been underestimated as those who are not tested or tested only once would not have been captured [40] . Given the known high proportion of AKI that occurs in the community, it is possible that this proportion with undetected AKI is considerable [27] . We did not impute data for those with missing creatinine tests as this represented a large proportion of individuals and it is unlikely that such data would be missing at random. Thirdly, socioeconomic status was assessed by deprivation based on place of residence rather than using an individual-level measure of socioeconomic status, which may lead to some misclassification of socioeconomic status causing a bias of the ORs towards the null. Fourthly, we used selected comorbidities. We were not able to control for some comorbidities such as chronic liver disease and chronic obstructive pulmonary disease, nor for the severity of CKD or heart failure, all of which may vary by socioeconomic status. Similarly, we did not adjust for ethnicity, which is closely linked to socioeconomic status, as this was less well recorded and there is only a small ethnic minority population in the study area (Table 2 ) [41] . Fifthly, it was also not possible to identify people who were taking 'over-the counter' (purchased and not-prescribed) NSAIDs. Furthermore, our categorization of drug exposure was limited to specific periods of time (those on the relevant drugs prior to, early or late in the index year). This may have misclassified some individuals' exposure status. Sixthly, we did not have access to secondary care data such as hospitalization data, which meant we could not distinguish between community and hospital-acquired AKI and could not exclude maternity-related AKI alerts. Ideally, maternity-related alerts would be excluded as the normal rise in serum creatinine to pre-pregnancy levels following delivery may result in a false alert [42] . We also did not have complete data on albuminuria (due to under-testing and under-recording in routine data), and presence of albuminuria is a key component of risk prediction in CKD as well as AKI [43] [44] [45] . It is possible that albuminuria may mediate part of the association between socioeconomic status and AKI as albuminuria has been linked to low socioeconomic status in a national population-representative study in England [46] . Finally, we described the epidemiology of first alerts in a defining year. However, some alerts at the beginning of this period may be repeat alerts of an AKI episode in the previous period rather than a first alert, particularly for hospitalized patients.
Implications
This study suggests social inequity in the occurrence and outcomes of AKI. These findings would benefit from further replication and a better understanding of the impact of clinical setting (community versus hospital-acquired) of the AKI alert trigger. Despite its limitations, this study suggests that socioeconomic status needs to be taken into account in strategies for AKI prevention, prediction and management. Clinical prediction tools [47] can help identify high-risk individuals in primary care who may benefit from targeted prevention such as medication review, and recognition of risk during inter-current illness with consideration of temporary medication withdrawal at times of illness. Further study is justified to explore how socioeconomic status adds to such tools.
CONCLUSION
Incidence of AKI and risk of all-cause mortality within a median of 234 days post first AKI was higher among more deprived groups compared with less deprived, with no socioeconomic variation seen in AKI severity. Prevention efforts should prioritize areas of socioeconomic deprivation. Early recognition, monitoring of blood tests and subsequent attention to modifiable risk factors may help reduce incidence, progression and outcomes of AKI in these groups.
